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COMPOSITE AND PLAIN 
TUBULAR SYNTHETIC 
GRAFT CONDUITS IN RIGHT 
VENTRICLE-PULMONARY 
ARTERY POSITION: FATE 
IN GROWING LAMBS 
Our goal was to identify the most appropriate material for right ventricle- 
pulmonary artery conduits in growing animals. We used 100 lambs that 
were 3 to 4 weeks old (mean weight 11.7 kg). Follow-up was up to 24 months. 
Group I received plain tubular conduits: (1) Dacron knitted fabric, (2) 
collagen-coated knitted fabric, (3) Milliknit and Microknit material, (4) 
woven Dacron fabric, (5) three-dimensional Dacron fabric (crossweave 500 
and 800), or (6) polytetrafiuoroethylene. Group II received either a (1) 
woven Dacron fabric conduit with a built-in tissue valve or (2) polytetraflu- 
oroethylene graft with a built-in St. Jude Medical valve. We did angiograms 
and catheterizations every 3 to 6 months and killed the lambs at 6, 12, 18, 
or 24 months. Tubular Dacron fabric woven or knitted grafts, regardless of 
matrix, pore size, thickness, or coating, caused formation of a thick 
acellular pseudointima buildup, which led to progressive obstruction 
starting as early as 3 months. Polytetrafluoroethylene grafts in groups I 
and II showed the formation of thin inner and outer capsules (0.5 mm) and 
none developed obstruction despite wall calcification. Conduits of woven 
Dacron fabric with a built-in tissue valve degenerated rapidly, leading to 
calcification thrombosis and obstruction within 3 months; no lamb survived 
12 months. Polytetrafluoroethylene conduits with a St. Jude Medical valve 
in lambs receiving anticoagulants remained free of obstruction and contin- 
ued to function well. It appears that synthetic conduits of polytetrafluoro- 
ethylene perform well in either of the situations here tested and may be the 
best choice at present. (J THORAC CARDIOVASC SURG 1995;110:427-35) 
J. Ernesto Molina, MD, PhD, Jesse E. Edwards, MD, 
Richard W. Bianco, BA, Rosemarie W. Clack, BS, Gregory Lang, BS, and 
Jorge R. Molina, BA, Minneapolis, Minn. 
T he quest continues for a better right ventricle- pulmonary artery conduit to correct complex 
congenital cardiac anomalies. The long-term results 
with synthetic rimped Dacron materials were dis- 
appointing because of the high rate of pseudointi- 
mal formation and obstruction a-6 and the conse- 
quent need for reoperation. 
The introduction of aortic and pulmonary cryo- 
preserved homografts was thought to be a significant 
advance. Not only did they facilitate surgical implan- 
tation, but also their long-term durability was 
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thought o be better. 7's However, results of experi- 
mental TM and clinical 12-15 studies of their long-term 
function have been disappointing. Implantation of 
cryopreserved homografts in growing lambs showed 
that these conduits are actually dead tissue, 11 which 
is able to stretch longitudinally and transversely but 
which invariably leads to calcification thrombosis or 
aneurysm formation. 
The growing mammal tends to calcify dead 
tissue at a faster rate than the fully grown adult. 
This tendency has also been shown in children 
with cryopreserved homograft conduits 12-a6 and 
those with biologic valve prostheses. 17-21 We de- 
signed this study to lessen the uncertainty over 
which type of prosthetic material is the most 
suitable for right ventricle-pulmonary tery con- 
duits. We wanted to possibly defer from future 
consideration some types of material that do not 
perform satisfactorily and thus narrow the possi- 
bilities to just a few types. 
We tested various grafts constructed with differ- 
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ent techniques and used materials with a wide range 
of porosity, pliability, and permeability and with and 
without built-in valves. We used young growing 
lambs and observed them up into adulthood. 
Material and methods 
Design. We implanted conduits in 100 lambs that were 
3 to 4 weeks old (mean weight 11.7 kg). All animals 
received humane treatment in accordance with the "Prin- 
ciples of Laboratory Animal Care" formulated by the 
National Society for Medical Research and the "Guide for 
the Care and Use of Laboratory Animals" prepared by the 
Institute of Laboratory Animal Resources and published 
by the National Institutes of Health (NIH Publication No. 
86-23, revised 1985). 
We divided the lambs into two categories. In 80 lambs 
(group I), we excised the native pulmonary trunks to the 
bifurcation level, leaving the native pulmonary valve in 
place. Then the trunk was replaced with a synthetic 
straight ubular graft. In group II, comprising 20 animals, 
the native pulmonary valve was excised as well and 
continuity was reestablished with use of a composite 
pulmonary valved conduit. There were a total of 10 groups 
with 10 animals per group. After implantation (see Sur- 
gical technique section), the lambs underwent angiogra- 
phy and cardiac catheterization with hemodynamic mea- 
surements at 3, 6, 12, 18, and 24 months. Electively, two 
lambs in each group were killed at 6, 12, and 18 months; 
the remaining survivors were killed at 24 months. The 
lambs that died spontaneously in the postoperative p riod 
(within 1 month) underwent autopsies and new lambs 
were substituted to attain long-term follow-up of the same 
number of implanted conduits. 
We used 10 animals to test each type of conduit. We 
compared the autopsy findings and measurements with 
the results of the angiographic studies. Throughout he 
observation period up to the time of autopsy we obtained 
these measurements: (1) diameter of the conduit, (2) 
diameter of the distal and proximal pulmonary artery, (3) 
level of obstruction, if any, (4) thickness of the inner and 
outer capsule of the conduit, (5) presence of calcifications 
or thrombosis, or both, and (6) hypertrophy of the right 
ventricle at the following levels: interventricular septum, 
anterior wall, lateral wall, and infundibulum. 
Conduit materials. We tested eight different materials 
as tubular conduits connecting the right ventricle to the 
pulmonary artery. Various designs of Dacron fabric in- 
cluded the woven type with a porosity of 50 to 150 ml. 
Because of its low porosity, this graft usually does not 
need to be preclotted. We used it as a base of comparison 
to confirm experimentally what happens clinically when it 
is implanted in the pulmonary circulation. 22' 23 
We also tested knitted Dacron fabric with a porosity of 
2735 ml. Although it needs preclotting, it has been preferred 
in repairs of abdominal aortic aneurysms and in aortoiliac 
bypass operations. Because of its high porosity, it pro- 
motes better anchoring strength of the pseudointima to 
the prosthetic material. 
We tested knitted material with a finer texture, more 
pliability, and a thinner wall manufactured by Golaski 
Laboratories* in two models: the so-called Milliknit (with 
40-needle construction) version and the Microknit (with 
50-needle construction) version, both with a porosity of 
2870 ml. A tubular graft of coated Dacron fabric that has 
been made impervious to blood or fluid has been available 
in several forms. The coating is collagen, albumin, or gel. 
Foreign to the recipient body, this protein material is 
supposedly absorbed and replaced by fibrous and endo- 
thelial tissue that is well anchored to the matrix of the 
graft and has a smooth inner surface. 
Another graft that seemed to be advantageous is the 
so-called Dacron fabric interlock woven type (Ochsnert) 
with porosities of 200 or 500 ml. These grafts are pliable 
and easily handled. They form a transition between the 
pure woven and knitted types. Classified as having a 
three-dimensional weave pattern, they have been popular 
in vascular surgery. 
Polytetrafluoroethylene (PTFE) material,~+ widely used 
in vascular surgery, has great appeal: it is impervious to 
blood or fluid and has a high patency rate, even in grafts 
of small diameter. 24-26 Although the pores of these grafts 
can vary from 20 to 90/xm, the most common type used in 
vascular operations has pores of 35 /zm. This is the 
material that we used for our PTFE conduits. All valveless 
conduits were of the same diameter (16 mm) and of the 
same length. 
In our valved composite conduits group, we used a size 
19 bileaflet St. Jude Medical valve prosthesis§ sewn into a 
PTFE graft (18 mm in diameter). The valve was posi- 
tioned in the midportion of the conduit, which facilitates 
tailoring as desired. We also used a second type of conduit 
made of Dacron material with a built-in valve known as 
the Ionescu-Shiley valvell made of bovine pericardium. 
This type of device has been used since the late 1970s 
although the isolated pericardial tissue valve manufac- 
tured by Shiley, Inc., has not performed well in the past 
21 27 when implanted in children. ' 
Surgical technique. The operation is essentially the 
same as described in our previous report on the use of 
11 cryopreserved allografts. In brief, it involves a left 
thoracotomy with cannulation of the descending thoracic 
aorta for arterial perfusion with a 3.8 mm metal-tipped 
cannula nd of the right atrial appendage with a single 26F 
venous cannula for venous drainage. 
The body temperature of lamb, supported by cardiopul- 
monary bypass, is allowed to drift to 34 ° to 35 ° C. The 
heart is kept beating. The pulmonary trunk is excised from 
the bifucation to either the outflow tract of the right 
ventricle with excision of the valve (group II) or to just 
above the level of the native valve (group I). The chosen 
conduit is implanted to reestablish continuity (Figs. 1 and 
2). To prevent air from being suctioned into the venous 
cannula via the ventriculotomy, we exert digital compres- 
sion over the anterior wall of the right ventricle while we 
*Golaski Laboratories, Inc., Philadelphia, Pa. 
tIntervascular, Inc., Freeport, Tex. 
:~Gore-Tex is a registered trademark of W. L. Gore & Associates, 
Inc., Elkton, Md. 
§St. Jude Medical, Inc., St. Paul, Minn. 
[IShiley, Inc., Irvine, Calif. 
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Fig. 1. Exposure of pulmonary trunk via left thoraeot- 
omy. Descending thoracic aorta is cannulated for arterial 
perfusion and right atrium for venous drainage. Inter- 
rupted line at bifurcation of pulmonary arteries (marked 
by arrows) shows distal line of resection. Proximal inter- 
rupted lines show two levels depending on whether native 
pulmonary valve was excised (for use of composite con- 
duits) or left intact (tubular, plain conduits). Ao, Aorta; 
PA, pulmonary artery. 
complete the proximal anastomosis. The distal anastomo- 
sis at the bifurcation of the pulmonary artery is done first. 
Then the proximal end is sutured circumferentially to the 
pulmonary outflow tract of the right ventricle. Both distal 
and proximal anastomoses are done with a running mono- 
filament suture. The air is vented while we complete the 
proximal anastomosis. 
Growth. At the time of the conduit implantation the 
lambs were 3 to 4 weeks old. Their mean weight was 11.7 
+_ 0.9 kg. At the end of 2 years, their mean weight was 72 
_+ 6.1 kg. The lambs' rate of growth was the same as that 
for normal ambs over the same amount of time. 
Angiographic study. We obtained a right ventriculo- 
gram in all the lambs with pressure measurements in the 
right ventricle and in the conduit every 3 to 6 months. For 
lambs with valved conduits we took the measurements 
proximal and,, whenever feasible, distal to the valve. To 
reliably visualize and measure the conduit diameter at the 
same levels every time, we obtained angiograms in the 
same lateral projection. While the lamb was alive, we 
measured conduit diameter on the film by using as a scale 
the known diameter of the catheter used for the injection. 
Cardiac catheterization data. To determine whether 
the conduit was becoming obstructed, we took the follow- 
ing measurements at the time of cardiac catheterization: 
right ventricular peak systolic pressure, main pulmonary 
artery systolic and diastolic pressures, pulmonary artery 
mean pressure, and independent right and left mean and 
systolic/diastolic pressures of the two branches of the 
pulmonary artery. 
In the nonvalved conduits we measured pressure gradi- 
ents in the right ventricle and the distal pulmonary artery. 
Fig. 2. Implantation of plain tubular conduit of Dacron 
material anastomosed from just above native pulmonary 
valve to bifurcation of pulmonary arteries. Ao, Aorta. 
In the lambs with valved conduits, whenever feasible, we 
took pressures between the proximal conduit and the 
conduit beyond the prosthetic valve. We did not attempt 
to measure the degree of hypertrophy taking place in the 
right ventricle during the observation period. Instead, we 
evaluated hypertrophy atdeath and recorded it as a patho- 
logic finding. 
Factors considered in hemodynamic interpretation. 
Right ventricular pressures and pressure gradients across 
the conduit measured uring follow-up were not com- 
pared until the entire study was completed. The main 
reason for this was that the prosthetic onduit material is 
nonstretchable and noncompliant; herefore the lamb's 
growth alone would create a pressure gradient between 
the right ventricle and the distal pulmonary arteries, even 
if the graft did not develop seudointimal thickening with 
obstruction of its lumen. 
Up to the time we undertook this study, we only had 
information pertaining to the evolution of cryopreserved 
allograft conduits implanted in lambs. 11 These previous 
studies howed that although the allografts were acellular, 
became aneurysmal, and developed thrombosis and calci- 
fication, they did not become obstructed. Therefore, in 
comparing the evolution of a synthetic graft under similar 
conditions, we thought it was useful to compare the 
obstruction rate in the synthetic grafts versus that in the 
allograft implants previously reported. 11 
PTFE, in the end, was the only type of graft that did not 
develop significant inner capsules or narrowing of the 
conduit lumen. Therefore we compared any pressure 
gradient measured uring follow-up with the same pres- 
sure gradient in the PTFE group. This allowed us to 
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Fig. 3. Rate of growth of lambs followed up from age 4 
weeks to 24 months. Wt., weight. 
predict the significance of the thick inner capsule or 
pseudointimal formation in the other grafts. 
Preclotting. Except for the PTFE conduits (valved and 
nonvalved) and the collagen-coated grafts, all conduits 
needed to be preclotted. However, some of the intervas- 
cular grafts with a porosity less than 500 ml and some of 
the Golaski grafts of very fine stitching (Milliknit and 
Microknit 50-needle construction) were purposely not 
preclotted. In our long-term follow-up, we compared 
these two ways of handling the grafts. The preclotted 
grafts with the highest porosity were knitted types with an 
index of 1200 ml. 
Anticoagulation regimen. For the lambs undergoing 
implantation of a mechanical prosthetic valved conduit 
(St. Jude Medical), anticoagulation with warfarin was 
required for the entire observation period. We monitored 
proper levels of anticoagulation with daily prothrombin 
time studies until the level of anticoagulation was consid- 
ered to be adequate (15 to 20 seconds; 2.5 to 3 interna- 
tional normalized ratio). After 1 week of close observa- 
tion, the lamb was released to a farm and the prothrombin 
times were monitored once a month for the 24-month 
observation period. 
The lambs that underwent implantation of a Dacron 
fabric conduit with a built-in pericardial tissue valve did 
not receive anticoagulation therapy. 
Histopathologic analysis. We noted the location of 
areas with thicker pseudointimal formation, the presence 
of thrombosis, and the development of strictures at the 
proximal or distal anastomoses. Our histologic analysis 
involved microscopic sections from the proximal, middle, 
and distal portions of the conduit. We identified cellular- 
ity, calcium deposits, and the nature of the pseudointimal 
formation. 
Results 
Growth. As the lambs grew from 3 to 4 weeks old 
to 2 years old, the right ventricular pressure also 
increased steadily; the size of the conduit (16 mm in 
diameter) became proportionately smaller for a 
larger cardiac output. Baseline weight at the time of 
implant was 11.7 __ 0.9 kg. At 1 month the weight 
was 19.3 kg; at 3 mouths, 32 kg; at 6 mouths, 40.2 kg; 
at 12 months, 61 kg; at 18 months, 71 kg; and at 24 
months, 74 kg (Fig. 3). 
Right ventrieular pressure. At the end of the 
study, the PTFE graft (as a plain tubular graft or as 
a composite valved conduit) was the only type of 
graft that had not developed any significant inner 
capsule, potentially causing obstruction. In the 
PTFE group, the right ventricular pressure was 36 
mm Hg at 3 months, 40 mm Hg at 6 months, 49 mm 
Hg at 12 months, 50 mm Hg at 18 months, and 55 
mm Hg at 24 months. Corresponding mean values 
for the Milliknit material grafts, woven grafts, col- 
lagen impervious grafts (Dacron fabric), or Ochsner 
woven interlock grafts were 36, 55, 85, 89, and 110 
mm Hg, respectively. 
The right ventricular pressure in the lambs with 
composite valved conduits was as follows. In the 
woven graft with the built-in pericardial valve pros- 
thesis it was 34 mm Hg at 1 month, 80 mm Hg at 3 
months, 90 mm Hg at 6 months, and 119 mm Hg at 
12 months. None of the lambs survived beyond that 
time. In fact, 8 out of 10 died before 9 months. In 
the lambs with PTFE conduits and St. Jude Medical 
valves, the right ventricular pressure was 38 mm Hg 
at 3 months, 40 mm Hg at 6 months, 64 mm Hg at 12 
months, 65 mm Hg at 18 months, and 70 mm Hg at 
24 months, and all these lambs survived to the end 
of the 24-month observation period. Pressure gradi- 
ents in this group were no different from those in the 
group with PTFE tube grafts without prosthetic 
valves. 
We found no significant difference in right ven- 
tricular pressure between Milliknit material, woven, 
or Ochsner 500 or 800 interlock woven grafts (with 
or without preclotting) and the collagen-coated in- 
tervascular grafts. 
Pressure gradients. The pressure gradients (Fig. 
4) obtained uring cardiac atheterization increased 
progressively during the observation period. In the 
valveless PTFE conduit group, the gradients were as 
follows: at 3 months, 15 mm; at 6 months, 16 ram; at 
12 months, 20 mm; at 18 months, 22 ram; and at 24 
months, 24 mm. Dacron fabric grafts showed signif- 
icant increases in gradients after the ninth month of 
observation that ranged from 45 mm in the woven 
graft to almost 60 mm in the knitted. Woven grafts 
with pericardial valves became obstructed much 
sooner than all the other Dacron fabric nonvalved 
grafts. None of these lambs survived beyond 12 
months. Only two lambs completed 11 months of 
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Fig. 4. Pressure gradients across conduit. Measurements taken in right ventricular chamber and in distal 
pulmonary arteries. Notice that PTFE (Gore-Tex brand) and allograft conduits had almost similar 
evolution. Knitted, Dacron fabric 2500 pore preclotted; Woven, Dacron fabric 50 porosity preclotted; Knitt. 
Coll., knitted grafts with collagen coating; Ochsner-Pre, interlock 500 or 800 preclotted; Gore-Tex, 35 p~m; 
Allograft, cryopreserved valved lamb pulmonary allograft (see text). 
observation. Most of the deaths occurred between 6
and 9 months. 
Angiographic diameter of the conduit. With use 
of our calibration scale, created by measuring the 
actual diameter of the injecting catheter used for the 
angiogram and comparing it with the diameter of 
the conduit measured in the radiographic film, we 
found the following values: in the valveless PTFE 
conduit group, the data from which functioned as 
our baseline data, the diameters were 19 mm at 3 
months, 19.1 mm at 6 months, 19.1 mm at 12 
months, 19 mm at 18 months, and 19 mm at 24 
months. 
The diameters of the Dacron interlock woven 
Ochsner 500 and 800 grafts were 16.2 mm at 3 
months and only 13.0 mm at 24 months. The group 
of lambs that received the Ochsner interlock grafts 
with a porosity of 200 ml (no preclotting) had more 
significant obstruction. The diameter at 3 months 
was 15.1 ram, and at 18 months it had decreased to 
9.9 ram. The diameters of the woven Dacron Milli- 
knit material grafts, and of the collagen-coated 
knitted grafts were 16.2 mm at 3 months and 12 mm 
at 6 months. In the collagen-coated grafts, the 
obstruction seemed to be even more severe. 
Valved conduits. The two types of composite 
valved conduits compared as follows. The PTFE/St. 
Jude Medical prosthesis conduit, which was 18.0 mm 
in diameter at implantation proximal and distal to 
the valve, was still 18.0 mm at 3 months and at 24 
months. However, the woven grafts with the built-in 
Ionescu-Shiley valve prosthesis became obstructed 
rapidly: at 1 month their diameter was 14 mm; at 6 
months it was 11.1 mm with severe distortion of the 
valvular prosthesis. At 12 months, the diameter was 
9.1 ram. None of these lambs survived beyond 12 
months; they all died suddenly while under observa- 
tion (Fig. 5). We found no difference between the 
collagen-coated conduit and the preclotted Dacron 
fabric grafts with a tighter matrix. 
Calcification. The degree of calcification could 
often be appreciated, even on the plain x-ray film. 
The calcium was deposited within the wall of the 
conduit. The conduits with a tighter weave (woven) 
or a smaller pore size (Milliknit material and PTFE) 
showed the greatest degree of calcification (Table I). 
The PTFE grafts (average pore size 35 txm) 
showed more uniform generalized calcification. 
Next in severity of calcification were the woven/ 
tissue valved conduit, Milliknit and Microknit ma- 
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Fig. 5. Comparison of composite valved conduits of woven Dacron fabric with pericardial tissue valve built 
in (Ionescu-Shiley valve) versus PTFE conduit with St. Jude Medical mechanical valve prosthesis and 
cryopreserved valved lamb allograft (see text). Severe obstruction of Dacron fabric woven conduit occurred 
rapidly. No lambs survived after 12 months. 
Table I. Degree of conduit calcification during period of observation 
Months 
Porosity 
Conduit type (ml) 3 6 12 18 24 
Woven Dacron  fabr i c  50-150 - - + + + + + + + + 
Kn i t ted  (ve lour ,  M i l l i kn i t  mater ia l )  2870 . . . . .  
Kn i t ted  2735 - - + + + + + + + + 
Kn i t ted  co l lagen  coated  . . . . . .  
Woven ( in ter lock)  200 - - - + + + + 
Woven (interlock) 500 . . . . .  
PTFE (35 p~m pore) - -  ++ ++ +++ ++++ ++++ 
Woven plus tissue valve 500 - + + + 
PTFE plus St. Jude Medical valve - -  + + + + + + + + + + + + + + + 
Scale of plus signs ranges from one plus sign to indicate slight calcification in fewer than three areas to four plus signs to indicate severe calcification uniformly 
distributed throughout he conduit. 
terial grafts, woven Dacron fabric grafts, and the 
interlock (200) cross-weave intervascular type (Table 
I). The distribution of calcification was often patchy in 
islets along the length and the circumference of the 
graft, but without any sign of thrombosis or protrusion 
into the lumen. This phenomenon was also observed in 
the PTFE/St. Jude Medical valved conduits even with 
equal distribution of calcium proximal and distal to the 
prosthetic valve although the valve remained com- 
pletely clean and functional. The conduit itself was 
smooth and shiny with no ulcerations. 
Itistopathologic findings. Microscopic analysis of 
the conduit showed some differences among the 
various types. None of the conduit materials had any 
evidence of a live neointimal formation in the lumen 
of the graft. The capsule or pseudointima on the 
inner surface was completely acellular, formed of 
collagenous amorphous material that was of vari- 
able thicknesses even within the same conduit, de- 
pending on the level examined. 
The inner capsule of the PTFE material (valved 
or nonvalved), on the other hand, had a thin acel- 
lular glistening surface, less than 0.1 mm thick 
(Table II). Calcification was extensive and spotty 
throughout the wall, but in none of the specimens 
did calcification protrude into the lumen or show 
signs of thrombosis. The outer capsule was also thin, 
measuring 0.5 mm thick at the most. 
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Table II. Ti~ickness of conduit inner capsule in millimeters 
Porosity 
Conduit ype (ml) 3 
Monks 
6 12 18 24 
Woven Dacron fabric 50-150 
Knitted (velour, Milliknit material) 2870 
Knitted 2735 
Knitted collagen coated 
Woven (interlock) 200 
Woven (interlock) 500 
PTFE (35 txm pore) 
Woven plus tissue valve 50 
PTFE plus St. Jude Medical valve 
3.5 3.7 3.5 3.5 3.4 
3.2 3.4 3.4 3.6 3.6 
1 1.3 2.4 3 3.4 
1 2 3,2 3.5 3.5 
1.5 2 3 3.6 3.5 
1 2 3.5 3.6 3.5 
0.1 0.4 0.5 0.5 0.5* 
2.5 3 3.5 
0.1 0.5 0.5 0.5 0.5* 
Each number represents 12 measurements in at least two animals. 
*See text. 
In contrast, the Dacron fabric crimped grafts 
showed various degrees of thick formation of the 
inner capsule. The inner capsule was up to 3 mm 
thick, encircling the entire circumference of the 
graft and causing significant obstruction of the lu- 
men. Another important feature was the presence of 
severe conduit obstruction in the conduits with a 
thicker matrix such as the knitted collagen-coated 
and woven interlock 500 materials, but with no 
calcification. 
The knitted grafts, with or without collagen coat- 
ing, also showed severe and marked thickening of 
the inner capsule leading to severe obstruction of 
the conduit. The thickness was 2 to 3 ram, and 
thickening was mostly confined to the inferior and 
posterior surfaces of the circumference, where the 
crimping was tighter. We found no difference in the 
amount of ilnner capsule formation between grafts 
that required preclotting and the impervious colla- 
gen-coated grafts. 
In the valved Dacron fabric conduits with the 
built-in tissue valve, the degree of obstruction and 
calcification was severe. The obstruction was signif- 
icantly worse because of rigidity and calcification of 
the valve cusps, in addition to the thick inner capsule 
of the conduit proximal to the valve. 
Microscopic analysis of the anastomotic suture 
lines showed no abnormalities. No evidence of any 
fibromuscular hyperplasia was seen at the junction 
between conduit and pulmonary artery or between 
the right ventricular outflow tract and the conduit. 
The suture lines were all clear of thrombosis and 
obstruction. 
Discussion 
The most significant problem with conduits im- 
planted in the pulmonary circulation (that is, the 
right ventricle to the pulmonary arteries) is obstruc- 
tion by layers of pseudoneointima in the lumen. If 
the obstruction is significant enough, the patient 
eventually needs another operation to replace the 
graft. Synthetic grafts have an appeal because they 
are always available in any size needed, can be 
tailored at the desired length, and are in limitless 
supply. Woven Dacron fabric grafts were the first 
synthetic onduits used for right ventricle-pulmonary 
artery connection. The undesirable evolution of these 
grafts in causing obstruction and distal embolization is 
documented.a, 3 In our study, we had to include them 
to demonstrate hat the same problems found in 
human beings also occur in an animal model. 
When valves were integrated in these conduits, 
first porcine valves 28 and later pericardial valves 
were used. However, obstruction and calcification of 
the valve became an additional problem. 2~ 
The knitted Dacron fabric grafts preferred for 
peripheral arterial operations are thicker and hard 
to sew; their porosity is high and preclotting is 
needed. The theory was that the new pseudointima 
would be cellular and better anchored. Some knitted 
grafts, like the Golaski type, are thinner and have 
smaller pores; they have performed better in the 
arterial circulation than other Dacron fabric pros- 
theses. 29-31 Therefore we believed it necessary to 
test this material in both its versions, the Milliknit 
and Microknit materials. Our experimental model 
demonstrated no difference in the degree of pseudo- 
intimal formation in these grafts versus that in 
woven or regular knitted grafts. 
Sealing materials have also been incorporated, 
namely collagen, albumin, or protein gels. 32-34 How- 
ever, because previous reports howed collagen seal- 
ing to work the best, 33 we decided not to test 
albumin or gels. 
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Grafts that have performed well for substitution 
of the thoracic or abdominal aorta (such as the 
Hemashield graft*) have performed poorly in the 
pulmonary circulation. 34 
PTFE has significant appeal and is widely used in 
arterial reconstructive procedures. The obvious ad- 
vantage is its long-term patency rate, even in grafts 
with a smaller diameter. 24-26 In addition, it is imper- 
vious to blood or fluid. It is somewhat rubbery and 
stiff to handle, but the healing properties are highly 
desirable. We previously reported that the use of 
Gore-Tex brand PTFE conduits between the right 
ventricle and the pulmonary artery worked well. The 
only difficulties were technical: in grafts with a large 
diameter, it is difficult to adapt the straight PTFE 
conduit o the contours of the heart without causing 
kinking. Nevertheless, several technical modifica- 
tions can help avoid these problems, although not 
totally.3S, 36 In our experiments, the prosthetic de- 
vice performed extremely well as far as lack of 
obstruction of the conduit itself and durability. 
We deliberately varied the position of the St. Jude 
Medical valves within the conduit. In some lambs, 
the St. Jude Medical valve was placed more proxi- 
mally toward the outflow tract of the right ventricle. 
In other lambs, the valve was left in the center of the 
conduit (Fig. 7), and still in others, the valve was 
positioned istally almost into the pulmonary artery 
itself, leaving a longer portion of the conduit in 
continuity with the right ventricle (Fig. 8). Position 
of the valve in the conduit did not alter the good 
results. 
The calcification that occurred in the PTFE ma- 
terial has been observed by us in patients who 
received right ventricle-pulmonary artery conduits 
of this material. The cause of this occurrence needs 
to be investigated in future studies, because it has 
not been observed when the material is implanted in 
the systemic arterial circulation. 
In conclusion, if a synthetic onduit is needed to 
connect he right ventricle to the pulmonary artery, 
PTFE material seems to be preferable. It performed 
well used either as a simple tubular graft with the 
native pulmonary valve left in place or as a compos- 
ite conduit with a built-in mechanical St. Jude 
Medical prosthesis. 
REFERENCES 
1. Agarwal KG, Edwards WD, Feldt RH, Danielson 
GK, Puga FJ, McGoon DC. Pathogenesis of nonob- 
*Meadox Medicals, Inc., Oakland, N.J. 
structive fibrous peels in right-sided porcine-valved 
extracardiac conduits. J THORAC CA~DIOVASC SURG 
1982;83:584-9. 
2. Agarwal KG, Edwards WD, Feldt RH, et al. Severe 
fibrotic obstruction of Hancock conduit after Fontan 
operation. J THORAC CARDIOVASC SURG 1982;83: 791-4. 
3. Ben-Schachar G, Nicoloff DM, Edwards JE. Separa- 
tion of neointima from Dacron graft causing obstruc- 
tion: case following Fontan procedure for tricuspid 
atresia. J THORAC CARDIOVASC SURG 1981;82:268-71. 
4. Ciaravella JM Jr., Mc Goon DC, Danielson GK, et al. 
Experience with the extra cardiac conduit. J THO~C 
CARDIOVASC SUR6 1979;78:920-30. 
5. Bailey WW, Kirklin JW, Bargeron LM Jr., et al. Late 
results with synthetic valved external conduits from 
venous ventricle to pulmonary arteries. Circulation 
1977;56(Suppl):II73-9. 
6. Stewart S, Manning J, Alexson C, et al. The Hancock 
external valved conduit. J THORAC CanDIOVASC SURG 
1983;86:562-9. 
7. Radley-Smith R, Ahmed M, Yacoub M. Late results 
of aortic homograft reconstruction f the right ven- 
tricular outflow tract in infants and children. Thorax 
Chirurg 1975;23:455-8. 
8. Ross D, Somerville J. Homograft reconstruction f
right ventricular outflow tract in pulmonary atresia: 
late results. Br Heart J 1976;38:316-8. 
9. Jonas RA, Ziemer G, Britton L, et al. Cryopreserved 
and fresh antibiotic sterilized valved aortic homograft 
conduits in a long-term sheep model. J TrtORAC 
CARDIOVASC SURG 1988;96:746-55. 
10. Fiore AC, Peigh PS, Robison RV, et al. Valved and 
non-valved right ventricular-pulmonary arterial extra 
cardiac onduits. J THORAC CARDIOVASC SURG 1983; 
86:490-7. 
11. Molina JE, Edwards JE, Bianco RW, et al. Growth of 
fresh-frozen pulmonary allograft conduit in growing 
lambs. Circulation 1989;80(Suppl):I183-90. 
12. Clarke DR. Accelerated egeneration of aortic al- 
lografts in infants and young children [Letter]. J
THORAC CARDIOVASC SURG 1994;107:1162-4. 
13. Heinemann MK, Hanley FL, Fenton KN, et al. Fate 
of small homograft conduits after early repair of 
truncus arteriosus. Ann Thorac Surg 1993;55:1409-12. 
14. Moodie DS, Mair DD, Fulton RE, et al. Aortic 
homograft obstruction. J THORAC CARDIOVASC SURG 
1976;72:553-61. 
15. Saravalli OA, Somerville J, Jefferson KE. Calcifica- 
tion of aortic homografts used for reconstruction f 
the right ventricular outflow tract. J THORAC CARDIO- 
VASC SURG 1980;80:909-20. 
16. Gallo R, Kumar N, Prabhakar G, et al. Accelerated 
degeneration of aortic homograft in an infant. J 
THORAC CARDIOVASC SURG 1994;107:1161-2. 
17. Kirklin JW, Bailey WW. Valved external conduits to 
pulmonary arteries. Ann Thorac Surg 1977;24:202-5. 
The Journal of Thoracic and 
Cardiovascular Surgery 
Volume 110, Number 2 
Molina et al. 4 3 5 
18. Norwood WI, Freed MD, Rocchini AP, et al. Expe- 
rience with valved conduits for repair of congenital 
cardiac le, sions. Ann Thorac Surg 1977;24:223-32. 
19. Lamberti JJ, Wainer BH, Fisher KA, et al. Calcific 
stenosis of the porcine heterograft. Ann Thorac Surg 
1979;28:28-32. 
20. Oyer PE, Miller DC, Stinson EB, et al. Clinical 
durability of the Hancock porcine bioprosthetic valve. 
J THORAC CARDIOVASC SURG 1980;80:824-33. 
21. Walker WE, Duncan JM, Frazier OH, et al. Early 
experienc, e with the Ionescu-Shiley pericardial xe- 
nograft valve: accelerated calcification in children. J 
THORAC CARDIOVASC SURG 1983;86:570-5. 
22. Bisset GS III, Schwartz DC, Benzing C III, et al. Late 
results of reconstruction f the right ventricular out- 
flow tract with porcine xenografts in children. Ann 
Thorac Surg 1981;31:437-43. 
23. Reitz BA, Jamieson SW, Baumgartner WA, et al. The 
durability of porcine xenograft valves and conduits in 
children. Circulation 1982;66(Suppl):I172-85. 
24. Gazzaniga AB, Lamberti JJ, Siewers RD, et al. Arte- 
rial prosthesis of microporous expanded polytetraflu- 
oroethylene for construction of aorta-pulmonary 
shunts. J THORAC CARDIOVASC SURG 1976;72:357-63. 
25. Jennings RB Jr., Innes BJ, Brickanan RD. Use of 
microporous expanded polytetrafluoroethylene grafts 
for aorta-pulmonary shunts in infants with complex 
cyanotic heart disease. J THORAC CARDIOVASC SURG 
1978;76:489-94. 
26. Molina JE, Cart M, Yarnoz MD. Coronary bypass 
with Gore-Tex graft. J THORAC CARDIOVASC SURG 
1978;75:7'69-71. 
27. Shimon D, Merin G, Simcha A, et al. Accelerated 
calcific degeneration f a bovine pericardial valve in 
an adolescent [Letter]. J TnORAC CARDIOVASC SURG 
1982;83:794. 
28. Bowman FO Jr., Hancock WD, Malm JR. A valve- 
containing Dacron prosthesis: its use in restoring 
pulmonary artery-right ventricular continuity. Arch 
Surg 1983;107:724-8. 
29. Wesolowski SA. The healing of arterial prostheses the 
state of the art. Thorac Cardiovasc Surg 1982;30:196- 
208. 
30. Wesolowski SA. Performance of materials as pros- 
thetic blood vessels. Bull N Y Acad Med 1972;48:331- 
56. 
31. Sauvage LR, Berger K, Wood SJ, et al. A very thin, 
porous knitted arterial prosthesis: experimental 
data and early clinical assessment. Surgery 1969;65: 
78-88. 
32. Jonas RA, Schoen FJ, Ziemer G, et al. Biological 
sealants and knitted Dacron conduits: comparison of 
collagen and fibrin glue pretreatments in circulatory 
models. Ann Thorac Surg 1987;44:283-90. 
33. Hirt SW, Aoki M, Demertzis S, et al. Comparative in
vivo study on the healing qualities of four different 
presealed vascular prostheses. J Vasc Surg 1993;17: 
538-45. 
34. Kobayshi J, Backer CL, Zales VR, et al. Failure of the 
Hemashield extension i  right ventricle-to-pulmonary 
artery conduits. Ann Thorac Surg 1993;56:277-81. 
35. Molina JE. Preliminary experience with Gore-Tex 
grafting for right ventricle-pulmonary tery conduits. 
Tex Heart Inst J 1986;13:137-42. 
36. Molina JE. Use of polytetrafluoroethylene (Gore- 
Tex) grafts for the construction of right ventricle- 
pulmonary artery conduits. Ann Thorac Surg 1985;40: 
405-7. 
